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ABSTRACT 

Approximate equations f o r  la rge ,  l i q u i d  chemical, rocket  engine 
mass and space envelope a r e  presented i n  parametric form. Well known 
propulsion performance equations a r e  given wi th  modif icat ions t o  admit 
programing of mixture r a t i o  s h i f t s  and t h r o t t l i n g  of prope l l an t  mass 
flow r a t e .  Parameters used i n  mass and space envelope equat ions were 
nominal input  design parameters i n  common wi th  the propulsion perfor-  
mance equations such t h a t  t h e i r  interdependence could be manifested i n  
a veh ic l e  t r a j e c t o r y  and performance opt imizat ion study. 
a r e  based on cur ren t  type engines, it is  expected t h a t  c o e f f i c i e n t s  and 
exponents used may be r e a d i l y  modified t o  def ine mass and s i z e  of 
moderately advanced rocket  engines. 

Though r e s u l t s  
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Symbol Definition 
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rocket engine tota l  mass, kg w4, 1 
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TECJ3NICAL MEMORANDUM X-53053 

BOOSTER PARAMETRIC DESIGN METHOD FOR 
PERFORMANCE AM) TRAJECTORY ANALYSIS 

PART 11: PROPULSION 

SUMMARY 

The inf luence of the rocket  mass and s i z e  on the  ove ra l l  veh ic l e  
performance i s  of concern t o  the t r a j e c t o r y  and performance ana lys t s .  
Since the  engine s i z e  and mass a re  a f f ec t ed  by v a r i a t i o n s  of nominal 
propulsion performance parameters, and s ince  the  engine geometry a f f e c t s  
t he  s t age  mass, s i g n i f i c a n t  coupling parameters were sought. 

Well known performance equations were modified t o  a l low mixture 
r a t i o  s h i f t s  and propel lan t  mass t h r o t t l i n g  a s  might be required f o r  a 
mission study. Equations of t o t a l  p rope l lan t  consumption were derived 
f o r  determining the  s t age  propel lan t  tank volumes [l]. 

Engine space envelope was  defined by parameters which described the  
rocke t  chamber length  and nozzle ex i t  diameter. 
l imi t ed  t o  three major categories:  turbopump, rocke t  chamber, and 
accessor ies .  With the  exception of a pump parameter (ps) ,  t he  engine 
s i z e  and mass equat ions were adequately expressed by nominal parameters 
common t o  the  propulsion performance. Consequently, i t  was poss ib le  f o r  
v a r i a t i o n s  i n  nominal performance parameters t o  be  r e f l e c t e d  as engine 
s i z e  and mass modif icat ions.  

Mass equations were 

1.0 INTRODUCTION 

I n  any preliminary t r a j e c t o r y  ana lys i s  the propuls ion system of 
each veh ic l e  s t age  is a primary cons idera t ion  from the  viewpoint of 
propuls ion performance and of the propel lan t  bulk and s t r u c t u r a l  masses 
i n  support  of the  propulsion system. When e x i s t i n g  expulsion systems 
are se l ec t ed ,  the  c h a r a c t e r i s t i c s  a r e  known and f ixed ,  and subsequent 
veh ic l e  performance optimization s t u d i e s  a r e  l imi t ed  t o  determining 
number of engines,  t h r u s t  duration, p rope l l an t  loading, number of 
s t ages ,  configurat ion,  and masses f o r  a given mission. However, i f  a 
pro jec ted  mission i s  known to  require  the  development of a new rocket  
engine, the  t r a j e c t o r y  ana lys t s  may wel l  in f luence  the  design a t  i t s  
conception by inves t iga t ing  each propuls ion design parameter f o r  i t s  
s ign i f i cance  t o  the  o v e r a l l  vehic le  performance. 
such as types and range of propulsion con t ro l s  des i r ed  f o r  s h i f t i n g  pro- 
p e l l a n t  mixture r a t i o  o r  flow r a t e  a t  s t r a t e g i c  i n t e r v a l s  during f l i g h t .  

Trends may be ind ica ted  



To accomplish t h i s  type of i nves t iga t ion ,  the  t r a j e c t o r y  ana lys t s  
must have a mathematical model of s t age  shape, mass, and propulsion 
system with s u f f i c i e n t  interconnect ing parameters t o  obta in  expedi t ious 
and r e a l i s t i c  preliminary r e s u l t s .  This i s  the second i n  a s e r i e s  of 
r epor t s  descr ibing a method f o r  developing such a s t age  mathematical 
model as applied t o  t r a j e c t o r y  ana lys i s .  When t h i s  s e r i e s  of r epor t s  
was i n i t i a t e d ,  i t  was thought t h a t  a good approach t o  present ing the  
method was  t o  der ive parametric equations of a conventional booster  s t age  
re levant  t o  a b ipropel lan t ,  l i qu id  chemical propulsion system fami l i a r  
t o  the  reader [ l ]  (other  configurat ions could a l s o  be adapted t o  these  
r e s u l t i n g  equations through conversion f ac to r s ) .  It is  the  purpose of 
t h i s  document t o  proceed with t h i s  conventional configurat ion by develop- 
ing the r e l a t ed  rocket  engine performance, s i z e ,  and mass parametric 
equations of a conventional type.* 

Engine major component ca tegor ies  a r e  rocket  chamber, turbopump and 
engine accessories .  Input design parameters common t o  these ca tegor ies  
w i l l  be l i m i t e d  t o  those e s s e n t i a l  fo r  a prel iminary type of t r a j e c t o r y  
ana lys i s  and i n  no way w i l l  at tempt t o  dup l i ca t e  d e t a i l e d  thermodynamics 
and mechanics ana lys i s  normally conducted by rocket  engine designers .  
Typical thermodynamics p rope r t i e s  and performance values  w i l l  be r e f e r -  
enced where necessary,  and mathematical s impl i c i ty  i s  again emphasized. 

An important point  t o  remember i n  judging r e s u l t s  from these equa- 
t i ons  i s  that  they must i nd ica t e  a r e a l i s t i c  t rend of s i z e  and mass 
v a r i a t i o n  with each v a r i a t i o n  of such p e r t i n e n t  engine parameters as 
s p e c i f i c  impulse, chamber pressure,  p rope l lan t  dens i ty ,  t h roa t  a rea ,  and 
nozzle expansion r a t i o .  Another t rend t o  be considered, i n t u i t i v e l y ,  i s  
t h a t  engine performance improves through continued manufacturer 's  develop- 
ment with minor r e s u l t i n g  changes i n  s i z e  and mass. Since e a r l y  engines 
of a new type seldom meet the  spec i f ied  performance, conservative per- 
formance equations a r e  recommended when v e h i c l e  launch schedules do not  
admit s u f f i c i e n t  development time. 

The r e s u l t s  presented here  have been s i g n i f i c a n t l y  influenced by 
the author 's  former a s soc ia t ion  with Rocketdyne and by discussions with 
many persons of the  MSFC Propulsion and Vehicle Engineering Laboratory. 
Special  thanks a r e  extended t o  M r .  Helmut J. Horn f o r  h i s  suggestions 
and encouragement and t o  Mrs. Sarah Hightower, Mrs. I rene  Dolin, and 
M r .  James Hackney f o r  t h e i r  a s s i s t ance  wi th  the  manuscript. 

* 
square meters, o r  low t h r u s t  with multi-hour l i f e ,  represent  a new 
genera t ion  employing advanced technology and new philosophies which may 
not conform with r e s u l t s  presented. 

Engines operating with chamber pressures  i n  excess of l o7  newtons p e r  
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There seems t o  -have been very i imi t ed  documentation oii t h i s  szb jec t  
i n  the  p a s t .  It i s  hoped that th i s  document w i l l  be of b e n e f i t  t o  the  
reader  and w i l l  perhaps arouse h i s  i n t e r e s t  t o  reprove o r  improve the 
technique o r  t o  present  h is  own. 

2.0 ROCKET CHAMBER PERFORMANCE 

Of the  th ree  major assembly ca tegor ies ,  the rocket  chamber f igu res  
i n t o  the t r a j e c t o r y  ana lys i s  from i t s  propulsion performance character-  
i s t i c s  i n  add i t ion  t o  i t s  mass contr ibut ion.  
face" f o r  introducing and mixing propel lan ts  i n t o  a "combustion chamber" 
where chemical energy r e l ease  produces high pressures  and temperature 
which a r e  converted i n t o  k i n e t i c  energy of the  exhaust j e t  by the "nozzle." 
Increasing the  design chamber pressure may not  only increase  the  pro- 
puls ion performance bu t  may l i k e l y  increase the  turbopump and rocket  
chamber mass. 
engine performance, mass, and geometry. This interdependence suggests 
t h a t  de r iva t ion  of engine mass and s i z e  parametric equat ions must com- 
mence wi th  a propulsion performance equation t o  seek c m o n  input  design 
parameters such t h a t  a v a r i a t i o n  causing an increase  i n  propuls ion per- 
formance would r e f l e c t  an engine mass bonus o r  penal ty .  

It cons i s t s  of an " i n j e c t o r  

Varying the nozzle expansion r a t i o  causes a v a r i a t i o n  i n  

A propulsion input  parameter most f ami l i a r  t o  the  t r a j e c t o r y  
ana lys t s  i s  the s p e c i f i c  impulse (Isp). It has the u n i t  of time and 
may be thought of as the  time required t o  consume a u n i t  weight of pro- 
p e l l a n t  producing a u n i t  of t h r u s t .  It is  a c h a r a c t e r i s t i c  of the  pro- 
p e l l a n t  combination,mixture r a t i o ,  combustion temperature, and molecular 
weight of the  gases.  

For the  condi t ion of nozzle e x i t  pressure (Pe) equal t o  ambient 
pressure  (pa), known a s  opthum expansion, t he  product of s p e c i f i c  
impulse and g r a v i t a t i o n a l  constant (go) i s  i d e n t i c a l l y  equal t o  the 
i d e a l  v e l o c i t y  of the  rocket  exhaust gas. 
may be determined f o r  this  condition by ca l cu la t ing  the i d e a l  exhaust 
v e l o c i t y  i n  an accepted method [2], a more r e a l i s t i c  value may be 
obtained experimentally o r  from a s i m i l a r l y  experienced p rope l l an t  com- 
b ina t ion  and mixture r a t i o .  

Though the  s p e c i f i c  impulse 
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Using the s p e c i f i c  impulse a s  a nominal input  design parameter f o r  
a given propel lant  combination and nominal mixture r a t i o  (Fm)Jc, the pro- 
p e l l a n t  mass flow ra te  (&) consumed p e r  rocke t  engine i s  determined from 
the  r e l a t ionsh ip  

(2.0a) 

where (n) is the  number of engines employed t o  produce the  s t age  t o t a l  
nominal t h r u s t  (f') a t  a spec i f i ed  nominal ambient pressure (pa),  and 
(e1) i s  the s p e c i f i c  impulse c o e f f i c i e n t  which i s  a func t ion  of mixture 
r a t i o  va r i a t ion .  I f ,  f o r  example, an  oxygen/RP-1 p rope l l an t  combination 
having an  Isp = 300.4 seconds f o r  an Fm = 2.56 i s  se l ec t ed  from a t a b l e  
of calculated [4] ,  o r  experimental va lues ,  then tabula ted  changes i n  
s p e c i f i c  impulse with v a r i a t i o n s  i n  mixture r a t i o  may be represented  by 
a polynomial i n  the  form 

e 1  - - 1 - 0,002 (rm - 2.56) - 0.084 (rm - 2.56)2 + 0.046 (rm - 2.56)3. 

Another propuls ion parameter f ami l i a r  t o  the  t r a j e c t o r y  ana lys t  i s  
the  booster  s t age  t o t a l  t h r u s t  (F) t h a t  varies with atmospheric pressure  
and is  given by 

(2.0b) 

where (p,) is  the combustion chamber pressure and (At) i s  the  nozzle 
t h r o a t  area.  The t h r u s t  c o e f f i c i e n t  f a c t o r  (A) includes engine cant  
angle  and mass discharge co r rec t ion  f a c t o r s  varying between 0.90 t o  
.99. The th rus t  c o e f f i c i e n t  (Q) i s  ca lcu la ted  from 

gt A b a r  fixed over a parameter symbol i m p l i e s  t h a t  t h i s  symbol i s  used 
t o  def ine two d i f f e r e n t  values.  When w r i t t e n  wi th  a ba r  i t  is  a 
nominal value f ixed  by design condi t ions and must no t  be va r i ed  dur- 
ing f l i g h t .  Without the  bar ,  the  parameter varies during f l i g h t ,  
e i t h e r  because of ambient condi t ions o r  because of the  a n a l y s t s  
attempting t o  produce a des i red  f l i g h t  r e s u l t .  

4 



which contains t h e  ambient (atizospheriz) press-cire parweter t h a t  varies 
w i t h  launch s i t e  environment and veh ic l e  a l t i t u d e  during f l i g h t .  

A s h i f t  i n  mixture  r a t i o  w i l l  cause a change i n  t h e  s p e c i f i c  h e a t  
r a t i o  ( 7 )  of equat ion ( 2 . 0 ~ ) .  This change may be  conveniently expressed 
by 

7 = 4 62, (2.0d) 

where ( r )  is  the  nominal s p e c i f i c  h e a t  r a t i o  corresponding t o  the  
nominal mixture  r a t i o .  
func t ion  of t he  mixture r a t i o  v a r i a t i o n  and is t r e a t e d  s i m i l a r l y  t o  the  
s p e c i f i c  impulse c o e f f i c i e n t  (E1). I f ,  f o r  ins tance ,  an oxygen-gasoline 
p rope l l an t  system is used [3] having Em = 2.56 and 7 = 1.22, then we 
w r i t e  t he  s p e c i f i c  h e a t  r a t i o  c o e f f i c i e n t  i n  the  following form: 

The s p e c i f i c  h e a t  r a t i o  c o e f f i c i e n t  (E2) is  a 

E2 = 1 - 0.012 (rm - 2.56) + 0.028 (r - 2.56)2 - 0.025 (rm - 2.56)3. m 

I f  t he  chamber pressure  and nozzle expansion r a t i o  (E) are he ld  
constant,  t he  nozzle e x i t  pressure and t h r u s t  c o e f f i c i e n t  will vary  wi th  
v a r i a t i o n s  of s p e c i f i c  h e a t  r a t i o  r e s u l t i n g  from mixture  r a t i o  s h i f t s .  
This is  a l s o  t r u e  i f  t h e  m i x t u r e  r a t i o  and nozzle  expansion r a t i o  are 
he ld  cons tan t  To 
determine t h i s  d i s tu rbed  nozzle e x i t  pressure due t o  imposed chamber 
pressure and m i x t u r e  r a t i o  changes, we use t h e  c l a s s i c a l  nozzle expan- 
s i o n  r a t i o  equat ion 

and t h e  chamber pressure is v a r i e d  during f l i g h t .  

1 
1 - 

(2. O e )  

I n  p r a c t i c e ,  t he  nozzle expansion r a t i o  is  phys ica l ly  f ixed  by t h e  
n o z z l e . t h r o a t  and the  nozzle e x i t  (A,) a r e a s  f o r  s e l e c t e d  nominal design 
parameters of chamber pressure  (pc), exi t  pressure  (pe), mixture  r a t i o  
(Em), s p e c i f i c  h e a t  r a t i o  ( T ) ,  and engine t h r u s t  @/n) a t  a s p e c i f i e d  
ambient pressure  (Fa). 
r e l a t i o n s h i p  of equation (2.0e) and may be w r i t t e n  i n t o  a f ixed  nozzle  
expansion r a t i o  equat ion as 

These se lec ted  nominal va lues  must a l s o  obey t h e  

5 



(2.0f) 

For a conventional be l l - type  nozzle,  the  nozzle expansion r a t i o  i s  
determined from the  nominal condi t ions s t a t e d  i n  equat ion (2.0f) and is 
subs t i t u t ed  i n t o  equations(2.0e) and ( 2 . 0 ~ ) .  Then, applying the  nozzle 
e x i t  pressure of equat ion (2.0e) i n t o  equat ion ( 2 . 0 ~ ) ~  the a n a l y s t  may 
determine the engine t h r u s t  from equat ion (2.0b) f o r  v a r i a t i o n s  of 
atmospheric pressure  and f o r  d i s c r e t e  v a r i a t i o n s  of mixture  r a t i o  o r  
chamber pressure.  

The s tage  propel lan t  flow ra te  i s  determined from equat ion (2.0a). 
Subs t i tu t ing  equat ion (2.0b) and f ix ing  t h e  ambient pressure  (pa) of 
the  t h r u s t  c o e f f i c i e n t  t o  conform wi th  the d e f i n i t i o n  of (f'), we ob ta in  
the  s t age  mass flow ra te  (I?,): 

I f  t he  mass flow r a t e  i s  not  cons tan t  during s t age  f l i g h t  due t o  
t h r u s t  t h r o t t l i n g ,  mixture r a t i o  s h i f t i n g ,  o r  engine-out condi t ions,  
then the  t o t a l  mainstage p rope l l an t  mass me)* consumed i s  

y .+l L 
= AtA 
I s p  go 

J 

i n  which a l l  parameters are 

(2.0h) 

he ld  cons tan t  f o r  d i s c r e t e  time i n t e r v a l s  

* MSFC Standard [5] no ta t ion  f o r  mainstage propel lan t  mass. 
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The t o t a l  f=e? and cx id l ze r  t=nk s i z e s  [I] are determined from 
t o t a l  p rope l lan t  consumption (We) of equation (2.0h) and from the  
weighted average mixture r a t i o  given by c ( E l l j  (dj  

= rm-, 

( 2 )  j c ‘mavg (2. Ok) 

where (Gm) is the  nominal propel lan t  mixture r a t i o  corresponding t o  
51 = 1. 

Thus, the  t h r u s t  performance of the  rocke t  chamber i s  expressed by 
equation (2.0b) where the t h r u s t  c o e f f i c i e n t  i s  defined by equation 
( 2 . 0 ~ )  f o r  v a r i a t i o n s  of pressures  and mixture r a t i o .  Imposed changes 
i n  chamber pressure e f f e c t  changes i n  t h r u s t  c o e f f i c i e n t  of equation 
( 2 . 0 ~ )  because of the  d is turbed  e x i t  p ressure  of the f ixed  nozzle expan- 
s i o n  r a t i o  which must s a t i s f y  equation (2.0e). Changes i n  propel lan t  
combinations and mixture r a t i o  s h i f t s  a r e  accounted f o r  by a change i n  
s p e c i f i c  hea t  r a t i o  of equation (2.0d) and the  s p e c i f i c  impulse coef- 
f i c i e n t  i n  equation (2.0g). 
l a t e d  from equation (2.0g) and the s t age  propel lan t  container  s i z e  [I] 
may be determined from the  mainstage propel lan t  consumption equation 
(2.0h) having an average mixture r a t i o  expressed by equation (2.0k). 

The propel lan t  mass flow r a t e  may be calcu- 

3.0 ROCKET CHAMBER DmNSIONS 

Rocket chamber dimensions a re  important t o  the  t r a j e c t o r y  ana lys t s  
only because. they may inf luence the engine and s t age  masses o r  veh ic l e  
aerodynamic drag. Clearly,  the  engine length,  nozzle e x i t  diameter,  and 
can t  o r  gimbal angle  (p) of multi-engine boos te rs  w i l l  o f t e n  d i c t a t e  the 
s i z e  of aerodynamic shrouds and even the s t age  diameter, both of which 
a f f e c t  the  s t age  mass and vehicle  drag. I n  upper s t ages ,  t he  engine 
s i z e  not  only inf luences the  in t e r s t age  l eng th  and mass, bu t  it is  a l s o  
a major considerat ion i n  separat ion and cont ro l  s tud ie s .  Behind it a l l  
a r e  th ree  nominal input  design parameters, t he  engine t h r o a t  a r ea ,  noz- 
z l e  expansion r a t i o ,  and propel lan t  s p e c i f i c  impulse. 

Though these parameters were i n i t i a l l y  introduced t o  def ine  
propulsion performance, they may now be appl ied  d i r e c t l y  t o  subsequent 
equations of nozzle e x i t  diameter (de) and engine t o t a l  l ength  (k). 
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BY de f in i t i o i i  of e q i a t l ~ i l  ( ? . $ e ) ,  t h e  nszzle e x i t  a rea  i s  

so that the  nozzle e x i t  diameter is given by 

(3.0a) 

I n  practice,  t h e  l eng th  (LN) of a conventional be l l - type  nozzle i s  
considerably s h o r t e r  than the idea l  r e s u l t i n g  only i n  minor reduct ion  of 
t he  t h r u s t  c o e f f i c i e n t  f o r  a des i r ab le  mass saving. 
of several be l l - type  nozzles of ex i s t ing  l i q u i d  chemical engines,  the  
nozzle  length  between t h r o a t  and e x i t  planes may be empir ica l ly  expressed 
as 

Based on a survey 

LN = 1.38 (3.0b) 

The chamber length  from the t h r o a t  area t o  the  bear ing i s  composed 
of combustion chamber, dome, and engine attachment which a re  based upon 
cu r ren t  knowledge of combustion e f f i c i e n c y  and s t a b i l i t y  and upon unique- 
ness  of engine design. Therefore, t h i s  length  is  a l s o  expected t o  be 
expressed i n  empir ical  form. Propulsion parameters which inf luence the  
combustion chamber and dome lengths a r e  those which are r e l a t e d  t o  t h e  
p rope l l an t  mass flow rate and the chemical r e a c t i o n  t i m e  of the  propel- 
l a n t  i n  the  combustion chamber. These are t h r o a t  a r ea ,  s p e c i f i c  impulse 
and chamber pressure.  However, the chamber pressure  inf luence  is so 
small t h a t  it may be ignored. Unti l  a b e t t e r  parametr ic  equat ion can 
be  es tab l i shed ,  t he  following s impl i f ied  empir ical  expression is 
sugg e s t ed : 

LR - = 0.1 (At)1/3 (Isp)1/2 . 

Adding equation (3.0b) with (3.0c), we ob ta in  

= 0.1 (At)1/3 (IsP)lI2 + 1.38 LR 

(3. Oc) 

(3. Od) 

which is the rocke t  engine length from the nozzle e x i t  plane to  the  engine 
attachment plane j u s t  forward of the dome. 
a r e  only average va lues  and may have t o  be  ad jus ted  w i t h  experience.  

These c o e f f i c i e n t s  and exponents 
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We s h a l l  now use equat ions (3.0a) and (3.0d) t o  de f ine  the rocke t  
engine space envelope of Figure 1 wi th  the assumption t h a t  the nozzle 
e x i t  radius ,  o r  the  gimbaled engine envelope of Figure 2,  i s  l a r g e r  than 
the  r a d i a l  extremity of t he  a t tached  turbopump assembly. 
t i c u l a r l y  t r u e  of long burning booster  s t ages .  

This i s  p a r -  

For an engine gimbaled a nominal angle  (8) about two perpendicular  
axes,  the  maximum r a d i a l  occupancy of the  engine i s  a t  t he  corners  and 
may be approximated by 

(3. Oe) 

Figure 3 presents  a suggested minimum diamet r ica l  dimension requi red  
f o r  aerodynamic sh ie ld ing  of multi-engines i n  var ious  f ixed  and gimbaled 
arrangements. I f  a shroud i s  used t o  t o t a l l y  enclose engines i n  extreme 
gimbaled pos i t ion ,  add 0.1 de clearance t o  the d iamet r ica l  dimension (De). 

4.0 ROCKET ENGINE MASS DETERMINATION 

Weight pred ic t ions  of rocket  engines,  cons is t ing  of hundreds of com- 
p lex  and high performance p a r t s ,  vary i n  scope and app l i ca t ion .  On the  
one hand, an average value of engine thrust- to-weight  r a t i o  may s u f f i c e  
f o r  general  d i scuss ions  o r  f o r  prel iminary mission s t u d i e s  emphasizing 
modes r a the r  than s t age  performance. On the  o the r  hand, an engine manu- 
f a c t u r e r ' s  comprehensive mass a n a l y s i s  may be requi red  f o r  a propuls ion 
uprat ing study based on s p e c i f i c  p rope l l an t  combinations, cool ing charac- 
ter is t ics ,  minimum and maximum pressures ,  s t r u c t u r a l  m a t e r i a l s ,  s t a r t  
system, heat  exchangers, con t ro l s ,  and to le rances  among o ther  considera- 
t ions.  

The one presented i s  intended t o  optimize,  o r  i n t e l l i g e n t l y  cam- 
promise ,  propulsion performance requirements with the  engine and s t age  
requirements i n  prel iminary s t u d i e s  through equat ions cons is t ing  of 
parameters common t o  propuls ion performance and s t age  s t r u c t u r a l  mass. 
Whenever a n  engine mass parameter r equ i r e s  more than a cursory know- 
ledge of turbopump machinery o r  combus t i o n  devices  , t h i s  parameter i s  
r e f e r r e d  to  a performance parameter on a "best  f i t ' '  ba s i s .  

One would assume t h a t  an i d e a l  engine mass equat ion i s  composed of 
the sum of a l l  parametric mass equat ions of each subcomponent. But i f  
an a t t e m p t  i s  made t o  include the  mass ana lys i s  of each subcomponent, 
the  i n t r i c a t e  composition may be b e t t e r  apprec ia ted  by inves t iga t ing  a 
simple subcomponent such as t h e  oxid izer  pump discharge duct .  Assuming the 
material densi ty  t o  be a constant  f o r  such app l i ca t ion ,  we proceed t o  
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deternine the &act =cer ia1  volvne frm i t s  diameter, thickness  and 
length.  
l a n t  mass flow of equat ion (Z.Oa), mixture r a t i o ,  ox id izer  dens i ty ,  and 
v e l o c i t y ,  we conclude t h a t  the  diameter is  r e l a t e d  t o  the "bes t  f i t "  
parameters i n  the  form 

Reasoning t h a t  the duct  diameter i s  determined from the  propel- 

where C,and Xj are c o e f f i c i e n t s  and exponents, r e spec t ive ly .  The duct 
thickness  is determined from the  oxid izer  pump discharge pressure ,  duct  
diameter a l ready  discussed,  and mater ia l  constants .  Wri t ten '  i n  genera l  
form, the thickness  i s  

where (pc) is the  "best  f i t "  fo r  the  pump discharge pressure.  
t he  duct  length  t o  parameters of t he  combustion chamber geometry of fe red  i n  
Sec t ion  3 and then combining with the  expressions above, we ob ta in  the 
ox id ize r  discharge duct  mass i n  the form 

Relat ing 

Since i t  is not  l i k e l y  that the mass of another  engine component w i l l  
contain parameters having iden t i ca l  exponents, it i s  expected that the 
engine t o t a l  mass equat ion w i l l  contain as many terms a s  the re  are subcam- 
ponents. 
po in t  t h a t  t he  e f f o r t  is  excessive compared to inputs  based on approximate 
"bes t  f i t , "  bu t  a l s o  from the  viewpoint that the  equat ion would be b iased  
t o  a p a r t i c u l a r  pump design and incapable of updating o r  modifying. A 
more r a t i o n a l  d e r i v a t i o n  of t h e  t o t a l  mass equat ion f o r  the purpose of 
s t age  t r a j e c t o r y  and performance a n a l y s i s  would be based on empir ical  
expressions of major assemblies. Hence, t he  pump discharge duc ts  would 
be l o g i c a l l y  grouped wi th  the turbopump assembly a s  would be the  pump 
mounts and piping valves .  The gimbal bear ing,  dome, i n j e c t o r ,  and 
chamber would c o n s t i t u t e  another l o g i c a l  assembly,and accesso r i e s  a 
t h i rd .  

Such an equat ion would be u n r e a l i s t i c  no t  only from the  view- 

This w i l l  be the  philosophy adopted i n  the ensuing subsect ions.  
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4.1 Turbopump Mass 

The turbopump i s  a ve ry  complex machine used t o  t r a n s f e r  propel-  
l a n t s  from the  v e h i c l e  tanks t o  t h e  rocke t  engine combustion chamber a t  
the  desired chamber pressure  and mass flow rate. The assembly c o n s i s t s  
of an oxid izer  and a f u e l  pump dr iven  by a common o r  ind iv idua l  gas  tu r -  
b ine  through a gear  t r a in .  Though t h e  mass of each of these  components 
v a r i e s  with types,  space r e s t r i c t i o n s ,  and p rope l l an t  combinations, a 
parametr ic  equation may be usefu l  t o  budget a gross  mass f o r  the e n t i r e  
assembly t o  which i t  can be  u l t ima te ly  designed and optimized. 

Parameters s e l ec t ed  f o r  p red ic t ing  the  turbopump assembly m a s s  must 
be common t o  the  propuls ion o r  s t age  performance and t o  a l l  conventional 
pumps. Therefore, observing t h a t  the  turbopump mass increases  wi th  
increasing nominal t h r u s t  of a rocke t  engine, we r e f e r  t o  equat ion (2.0b) 
and s e l e c t  t he  parameter (At )  and use a nominal chamber pressure  (pc). 
The pump performance is  independent of the  t h r u s t  c o e f f i c i e n t  f a c t o r  (A) 
and the  th rus t  c o e f f i c i e n t  (C,) of the  t h r u s t  chamber, which consequently 
are excluded from t h e  m a s s  equation. Dividing by the  s p e c i f i c  impulse of 
t he  required b ip rope l l an t  combination y i e lds  an expression a l l i e d  t o  pro- 
p e l l a n t  mass flow ra te  of equation (2.0a) which i s  a pump and tu rb ine  
c h a r a c t e r i s t i c .  I f  we d iv ide  aga in  by the p rope l l an t  dens i ty ,  we ob ta in  
an expression r e l a t e d  t o  the  propel lan t  volume flow r a t e  which is  d e f i n i t e l y  
a measure of pump and turb ine  physical  s i z e s  and r e l evan t  t o  t h e i r  masses. 
Since we a re  der iv ing  one expression t o  represent  t he  combined masses of 
f u e l  and oxidizer  pump and turb ine ,  we must a l s o  combine the  p rope l l an t  
d e n s i t i e s  i n to  one expression t h a t  w i l l  include the  mixture  r a t i o  param- 
eter.  The combined p rope l l an t  nominal dens i ty  (F8) f o r  a nominal mixture 
r a t i o  was  r ead i ly  found t o  be 

( 4 .  l a )  

where pf and po are f u e l  and oxid izer  d e n s i t i e s  [ l ] ,  respec t ive ly .  

A parameter which has not  appeared i n  the  s t age  conf igura t ion  nor 
i n  the  propulsion performance i s  the  minimum requi red  "net  p o s i t i v e  suc- 
t i o n  pressure" (ps). It i s  o f t e n  r e f e r r e d  t o  as NPSP and is  no t  only 
s i g n i f i c a n t  t o  the  turbopump mass p red ic t ion  bu t  a l s o  e s t a b l i s h e s  the  
v e h i c l e  propel lan t  tank pressures  and inf luences  the  tank arrangement, 
u l l age  pressures ,  and masses as we s h a l l  see i n  subsequent p a r t s  of t h i s  
s e r i e s .  Because f l u i d  s t a t i c  pressures  exis t  a t  l o c a l  regions wi th in  
the  pump tha t  a r e  lower than the i n l e t  s t a t i c  pressure ,  t he  i n l e t  s t a t i c  
pressure  must be higher  than the p rope l l an t  vapor pressure  t o  in su re  a g a i n s t  
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c a v i t a t l o n  a t  these Icv pres sme  regions with in  the pump. I n  b r i e f ,  the  
n e t  p o s i t i v e  suc t ion  pressure  is the minimum allowed pressure  d i f f e rence  
between pump i n l e t  pressure and propel lan t  vapor pressure.  
fe rence  is dependent upon the  pump geometry and r o t a t i o n  (rpm). 
ing the value of n e t  p o s i t i v e  suct ion pressure  increases  the turbopump 
rpm which i n  tu rn  decreases the turbopump assembly s i z e  and mass. How- 
ever, increasing t h e  minimum required n e t  p o s i t i v e  suc t ion  pressure  would 
necessa r i ly  increase  the  veh ic l e  tank pressures  and mass, which is  a more 
important considerat ion f o r  booster s tages .  This is  p a r t i c u l a r l y  t r u e  
s ince  t h e  tank s k i n  mass is  d i r e c t l y  propor t iona l  t o  the tank pressure  
while  the turbopump mass is  inversely propor t iona l  t o  the square r o o t  of 
the  n e t  p o s i t i v e  suc t ion  pressure.  

This d i f -  
Increas-  

Inasmuch as the f u e l  and oxidizer  vapor pressures  a r e  d i f f e r e n t  and 
pump types vary,  the  n e t  p o s i t i v e  suc t ion  pressures  a r e  d i f f e r e n t  f o r  
the f u e l  and oxid izer  pump and must be t r e a t e d  as indiv idua l  input  design 
parameters f o r  optimizing the propel lan t  tank arrangement and masses. 
However, f o r  the  purpose of determining the turbopump mass, we may con- 
ven ien t ly  combine the  n e t  pos i t i ve  suc t ion  pressure  of the  oxid izer  
(ps0) and the f u e l  (psf )  i n  the  approximate* form 

PSf Pso (1 + Em) 
(4. l b )  

Having se l ec t ed  a l l  the per t inent  parameters and t h e i r  r e spec t ive  
re la t ionships , ,  we w r i t e  the  desired turbopump assembly mass as 

w = 52 103 
TP 

( 4 . 1 ~ )  

* A more accura te  expression would include products of n e t  suc t ion  
pressure  wi th  dens i ty  of f l u i d s  pumped. However, the  increased accuracy 
i s  n e i t h e r  warranted nor s ign i f i can t .  
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The coe f f i c i en t  i s  an average value f o r  l a r g e  rocke t  engines and 
includes the mass of piping,  va lves ,  turbopump and r e l a t e d  accessor ies .  
I n  programming t h i s  equation, it must be remembered t h a t ,  though the 
engine may be  t h r o t t l e d  o r  t h e  mixture  r a t i o  va r i ed  during f l i g h t ,  t he  
turbopump mass i s  a constant .  
parameters a re  f ixed  nominal va lues  as ind ica ted  by the  b a r  symbol. 
o the r  parameters of equat ion ( 4 . 1 ~ )  are  assumed t o  be  nominal f ixed  
va lues  throughout the t ex t .  

Therefore,  the pressure  and dens i ty  input  
A l l  

A probable range of n e t  p o s i t i v e  suc t ion  pressures  are  60,000 t o  
220,000 newtons per  square meters f o r  LOX; 80,000 t o  200,000 f o r  kerosene; 
and 20,000 t o  70,000 f o r  l i q u i d  hydrogen. 

4.2 Rocket Chamber Mass 

The i n j e c t o r  face ,  dome, combustion chamber and nozzle  a re  components 
of the  rocket  chamber assembly t h a t  w e r e  p rev ious ly  c i t e d  wi th  r e spec t  
t o  propulsion performance. We s h a l l  now b r i e f l y  review these  same 
components with the  ob jec t ive  of r e l a t i n g  t h e i r  s t r u c t u r a l  masses t o  
the  a l ready  e s t ab l i shed  propuls ion parameters. 

The dome and i n j e c t o r  are  e i t h e r  s epa ra t e  o r  i n t e g r a l  components, 
whose s i z e  is r e l a t e d  t o  the p rope l l an t  flow r a t e  and whose s t r u c t u r a l  
m a s s  i s  dependent on chamber pressure  loading. Because these  component 
masses are s m a l l  and are suspected of being a l l i e d  t o  the  combustion 
chamber and nozzle mass parameters, we s h a l l  compress them i n t o  one 
rocke t  chamber assembly mass equat ion as was done wi th  the  turbopump. 

The combustion chamber and nozzle s t r u c t u r e  c o n s i s t s  of contoured, 
ad jacent  tubes assembled long i tud ina l ly  t o  conta in  and d i r e c t  the  des i r ed  
flow of hot  combustion gases  under pressure.  These tubes a re  regenera- 
t i v e l y  cooled by one of t he  propel lan ts  which flow through the  tubes 
p r i o r  t o  en ter ing  the  i n j e c t o r .  The tube assembly mass may be calcu- 
l a t e d  from i t s  tube length ,  diameter,  thickness ,  dens i ty ,  and number of 
tubes.  While the tube diameter and number of tubes are  se l ec t ed  on t h e  
h e a t  and propel lan t  flow requirements through the  tubes,  t he  tube length  
and number of tubes are  dependent on the chamber s i z e .  The tube th ick-  
ness  i s  proport ional  t o  the chamber pressure.  Knowing t h a t  the  rocke t  
chamber s i z e  increases  wi th  t h r o a t  a r e a  and nozzle  expansion r a t i o ,  b u t  
decreases  with increasing chamber pressure ,  and t h a t  t he  r egene ra t ive ly  
cooled tube mass increases  wi th  p rope l l an t  mass ra te ,  we would expect 
t he  tube assembly mass t o  assume the  form 
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In additicm te t he  tube mass, the  chamber cons i s t s  of hoop bands 
used t o  r e in fo rce  the chamber tubular wal l s  subjected t o  the  combustion 
gas  pressure.  The mass of hoop bands is a l s o  r e l a t e d  t o  the  chamber s i z e  
and chamber pressure and may a l s o  be combined wi th  the tubes,  dome and 
i n j e c t o r  i n  the  form given above. 
parameters of equations (2,Oa) and (2.0b) f o r  t he .p rope l l an t  flow rate 
and assigning r e a l i s t i c  coe f f i c i en t s  and exponents t o  the  equation above, 
we ob ta in  a manageable empirical  mass equat ion f o r  t h e  rQcket  chamber 
a s  s emb 1 y : 

Subs t i tu t ing  only the  pe r t inen t  

AEE ' I 2  
WRC = 90 x 106 [- ] . p c  Isp 

(4.2a) 

4.3 Rocket Engine Accessory Masses 

A f i n a l  category of rocke t  engine mass is  the accessories,  which 
may vary widely wi th  each engine and poss ib ly  wi th  each app l i ca t ion  of 
t h e  same engine. This category is  composed of pump i n l e t  l i n e s ,  p r i -  
mary and aux i l a ry  instrumentation, s t a r t  system, cont ro ls ,  and i n t e r -  
f ace  connection systems,to mention bu t  a few of the  most common com- 
ponents, Because of the  ambiguity of types,  q u a n t i t i e s ,  and s i z e s  of 
accessor ies  required during the preliminary phases of t r a j e c t o r y  s tud ie s ,  
t he  t o t a l  mass allowance is bes t  r e l a t e d  t o  the  propel lan t  volume flow 
rate parameters and is given by 

WA = 90 pc At (4.3a) 
Isp Z8* 

4.4 Rocket Engine Total  Mass 

Having derived approximate mass parametric equations of t h e  turbo- 
pump, rocket  chamber and engine accessor ies ,  we combine equations ( 4 . 1 ~ ) ;  
(4.2a), and (4,3a) t o  express the t o t a l  engine mass oJ4.1)* as 

* MSFC s td .  no ta t ion  [5] f o r  l i qu id  rocke t  engine mass. 
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It i s  i n t e r e s t i n g  t o  note  t h a t  the t o t a l  engine mass increases  wi th  
increasing t h r o a t  a r ea ,  decreasing s p e c i f i c  impulse and increas ing  noz- 
z l e  expansion r a t i o .  However, i t  is  not  obvious t h a t  an inc rease  i n  
chamber pressure w i l l  e f f e c t  an increase  o r  decrease i n  t o t a l  engine 
mass without knowing re la t ive va lues  of a s soc ia t ed  mass parameters. 

5.0 CONCLUDING REMARKS 

The performance, s i z e ,  and mass of a l a rge ,  conventional,  l i q u i d  
chemical rocket  enginewere s u i t a b l y  def ined by interconnect ing param- 
eters.  
modified t o  include p rope l l an t  mixture  r a t i o  s h i f t  and t h r o t t l i n g  during 
s t age  burning. This was  accomplished through the  engagement of  the 
t h r u s t  c o e f f i c i e n t  and nozzle  expansion r a t i o ,  i n  terms of s p e c i f i c  h e a t  
r a t i o  and pressures .  It may be  noted t h a t  f o r  a f ixed  chamber pressure  
and nozzle expansion r a t i o ,  a s h i f t  i n  mixture  r a t i o  causes a change i n  
t h e  s p e c i f i c  heat r a t i o  which a l t e r s  the  t h r u s t  c o e f f i c i e n t  and t h r u s t .  
A mixture r a t i o  s h i f t  a l s o  s h i f t s  the  s p e c i f i c  impulse c o e f f i c i e n t .  I n  
t h r o t t l i n g  the  m a s s  f l o w  r a t e ,  t he  chamber pressure  i s  reduced, the 
t h r u s t  coe f f i c i en t  i s  a f f ec t ed  and the n e t  r e s u l t s  i s  a reduct ion  of 
t h r u s t  . 

The propel lan t  flow rate  and t h r u s t  performance equat ions were 

An equation of t o t a l  p rope l lan t  mass consumption during f l i g h t  t i m e  
was  presented which allowed f o r  v a r i a t i o n s  of pressure  and mixture r a t i o  
s h i f t s .  
presented in  order  t o  c a l c u l a t e  the  s t a g e  p rope l l an t  tank s i z e s  [ l] .  

An average mixture  r a t i o  s h i f t  f o r  t he  f l i g h t  h i s t o r y  was  a l s o  

The rocket  engine space envelope w a s  def ined by i t s  long i tud ina l  
length  and nozzle e x i t  diameter.  
ing the  s i z e  were the  t h r o a t  area and nozzle expansion r a t i o .  

The most s i g n i f i c a n t  parameters a f f e c t -  

The engine t o t a l  mass equat ion appeared t o  be s t rong ly  dependent on 
those parameters which def ined p rope l l an t  mass flow r a t e  and moderately 
dependent on the  nozzle  expansion r a t i o .  An increase  i n  the  nominal 
chamber pressure increases  the turbopump mass b u t  decreases  the rocke t  
chamber mass f o r  a f ixed  t h r u s t  value. The n e t  increase  o r  decrease 
depends on re la t ive va lues  of assoc ia ted  mass parameters. 

Looking back f o r  a moment, we r e c a l l  the a n a l y s t ' s  contentment i n  
conducting h i s  prel iminary t r a j e c t o r y  and performance s t u d i e s  wi th  a few 
b a s i c  propulsion equat ions and a modestly es t imated mass f rac t ion .  Minor 
refinements o f t e n  r e s u l t e d  i n  g r e a t  improvements. Now, more soph i s t i ca t ed  
refinements are poss ib l e  than those presented,  and the  complexity i s  
increas ing  more r a p i d l y  than the  r e s u l t i n g  improvements. I f  the  reader  
i s  t roubled as t o  the  m e r i t  of incorporat ing t h i s ,  o r  s imilar ,  bulk of  
equat ions i n t o  a program, he may be reminded t h a t  the added a n a l y t i c a l  
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labor is more revarding n3w ir? t b t  it can he used f o r  optimizing stage 
parameters h i c h  lead to cost reduction, or added mission potential, of 
ever-increasing new vehicle proportions. 
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